Recent neutron diffraction and NMR studies suggest that the incommensurately modulated spin cycloid structure of BiFeO3 is stable down to 4. 50 K is argued to be defect induced, as it is absent in the doped samples. We also show that the spin glass transition temperature TSG is less than the spin glass freezing temperature (Tf), as expected for both canonical and cluster glasses, in marked contrast to an earlier report of TSG > Tf which is unphysical. We have also observed a cusp corresponding to the spin glass freezing at Tf in ZFC M (T) data not observed so far by previous workers. We argue that the ground state of BiFeO3 consists of the coexistence of the spin glass phase with the long range ordered AFM phase with a cycloidal spin structure.
I. INTRODUCTION
Bismuth ferrite (BiFeO3) is one of the most investigated magneto-electric multiferroics because of its room temperature multiferroicity with potential for applications in multifunctional devices of technological importance. [1] [2] [3] [4] [5] [6] The room temperature ferroelectric phase of bulk BiFeO3 corresponds to a rhombohedrally distorted perovskite structure in the R3c space group 7 in which the cations are displaced with respect to the anions along the [111] direction while the neighbouring oxygen octahedra are rotated in opposite directions (antiphase tilted structure in the a -a -a -tilt system 8 ) about the same direction. The ferroelectric phase transition temperature is reported to be TC ~ 1103K. 9 The magnetic structure of BiFeO3 corresponds to a non-collinear G-type antiferromagnetic ordering with a superimposed incommensurate magnetic modulation below the Neel temperature TN ~ 643K. 10 While the nuclear and magnetic structures as well as the multiferroic properties of BiFeO3 at and above the room temperature are well settled 4 , there exists considerable controversy about its true ground state. Recent NMR studies suggest that the cycloidal modulation function for the magnetic phase changes from harmonic (sinusoidal) to anhormonic (sn(x, m), elliptic Jacobi function) with m, which is a measure of anhormonicity, increasing from 0.48 at room temperature to 0.95 at 4.2 K [11] [12] [13] [14] . The neutron diffraction studies, which probe the space and time averaged magnetic structure at the bulk level, have also confirmed anhormonic nature of modulation of the cycloid at low temperatures 15, 16 but the anhormonicity is found to be much less, 0.50 15 and <0.25 16 in two independent studies using single crystals and polycrystalline samples, respectively, than that reported using a local probe like NMR. However, it is hard to imagine that the spin cycloid involving all the spins in the magnetic structure of BiFeO3 will remain unaffected despite the several low temperature phase transitions that have been reported using a variety of measurement probes like DC magnetic susceptibility ( ), [17] [18] [19] [20] [21] [22] 18 / differential thermal analysis (DTA), 24 Raman scattering [25] [26] [27] [28] [29] [30] [31] and elastic modulus spectroscopy. 24, 31 Towards understanding the true ground state of BiFeO3, it is therefore important to settle if the low temperature phase transitions reported below room temperature are intrinsic to BiFeO3 or some of them could be induced due to the presence of ionic vacancies created during high temperature processing. The present work was undertaken to address this issue.
Before presenting our results, we first briefly review the present status of the understanding of the low temperature phase transitions in BiFeO3 and associated controversies.
Historically, a frequency dependent anomaly in the temperature dependence of AC magnetic susceptibility well below the room temperature was first reported by Nakamura et al. 23 slightly higher cusp temperature that may possibly be due to crystalline nature of these samples.
However, the spin glass transition temperature TSG, which represents the critical slowing down of the spin dynamics, is reported to be ~29.4 K. 17 The TSG in the canonical and cluster spin glasses is known to be lower than the cusp temperature (Tf) corresponding to the lowest frequency of measurements and represents the divergence of the time scale associated with the slowest spin dynamics. 32 Since the TSG ~29. The anomaly around 50 K has also been reported in the ZFC M (T) measurements on single crystals 17 and nanocrystalline powders 19, 20 with a bifurcation temperature of ~ 250 K 17 and just below 300 K, 19, 20 respectively. There are reports of anomalies around 65 K and 70 K as well but these have been subsequently found to be due to the presence of Bi2Fe4O9 and -Fe2O3 impurity phases, respectively. 21, 22 DSC measurements on polycrystalline BiFeO3 have also revealed a strong specific heat anomaly at ~250 K similar to that observed in ZFC M (T) data 18 whereas the DTA analysis on BiFeO3 single crystals suggests the possibility of a first order phase transition with a latent heat close to 150 K (~140 K). 24 Temperature dependence of the magnetic entropy, on the other hand, indicates five phase transitions occurring around 38 K, 150 K, 178 K, 223 K and 250K. 18 The dielectric measurements reveal weak anomalies around 55 K, 24 The dc magnetization measurements were carried out using a VSM (Quantum Design, PPMS)
and MPMS SQUID (Quantum Design, MPMS-3) magnetometer in zero-field-cooled (ZFC) and field-cooled (FC) conditions from 2 K to 300 K using dc field of 500 Oe, 20000 Oe and 50000 Oe. For the ZFC measurements, the sample was first cooled from room temperature down to 2 K in the absence of a magnetic field. After applying the magnetic field at 2 K, the magnetization was measured in warming cycle. For the FC measurements, the sample was Table   S1 . Similar analyses were carried out at five randomly selected regions and the average composition is given in Tables S2 for the pure and 0.3wt% MnO2 doped samples. It is evident from these Tables that the average composition obtained by EDX analysis is close to the nominal (expected) composition within the standard deviation for Bi, Fe and Mn. The oxygen content for the pure sample is found to be a little less than that for the 0.3wt% MnO2 doped sample. However, it is worth mentioning that EDX is not the ideal tool for the determination of oxygen content.
III. RESULTS AND ANALYSIS

A. Room Temperature Crystal Structure:
Single-phase powders and sintered ceramic samples of a BiFeO3 are rather difficult to prepare because of the narrow temperature range of the stability of the perovskite phase [36] [37] [38] and the volatile nature of Bi 3+ that promotes the formation of impurity phases like Bi2Fe4O9 and Bi25FeO39. 39, 40 with the involvement of electromagnons, 26, 29 has been proposed. 17 Such a spin reorientation transition has recently been reported in monoclinic compositions of solid solutions of BiFeO3 with PbTiO3 but the transition temperature is well above the room temperature and just below the TN. 41 In pure BiFeO3, the situation is quite different as spin reorientation has been proposed well below room temperature. However, the ZFC M (T) plot of undoped sample ( does not show the 25K cusp in both the samples suggests that it could be due to spin glass freezing or superparamagnetic blocking or pinning of a magnetic impurity phase. Further, the absence of the cusp around 50 K in the doped samples suggests that it is a defect (vacancies)
induced transition [42] [43] [44] that gets suppressed due to MnO2 doping as explained later in this paper.
It is interesting to note that the 50 K cusp is observed for the undoped samples under both the ZFC and FC conditions for 500 Oe field suggesting that the spin dynamics associated with this defect-induced cusp is too fast to be frozen or blocked at 500 Oe. On increasing the field strength to 20000 Oe, the 50 K cusp becomes less prominent and it completely disappears in the 50000 Oe field measurement. This suggests that this transition could be associated with faster spin dynamics as compared to the 25K transition and requires higher field to freeze or block the spins. Below 10 K, both ZFC and FC curves show increase in the magnetization indicating a weak ferromagnetic behavior of BiFeO3 at such low temperatures, as noted by previous workers also. 17, 18 Since the magnetization values (0.001emu/g) associated with the ferromagnetic rise of M (T) are very small, it is most likely associated with some trace amount of impurities. 4 The 
where Ea is the anisotropy energy barrier equal to KV, where K is the anisotropy energy constant and V is the volume of the particles. In the spin glass systems, on the other hand, one observes critical slowing down of the spin dynamics at a characteristic spin glass transition temperature TSG at which there is ergodicity breaking. In the canonical spin glass systems, an empirical Vogel-Fulcher (VF) law is used to model the critical slowing down of the spins:
where 0 is the time constant corresponding to the attempt frequency, kB is the Boltzmann constant, Ea is the thermal activation energy and TVF is the Vogel-Fulcher freezing temperature (0< TVF < Tf) like TSG. In addition to VF law, a scaling law has also been proposed to characterize the SG transition. The scaling hypothesis assumes that the relaxation time (τ) is related to the correlation length (ξ) near the SG transition temperature (TSG). As ξ diverges at TSG, relaxation time also diverges 32 as:
where 0 is the characteristic time scale for the spin dynamics, Tf is the maximum temperature corresponding to peak in the real part of ′ ( , ), TSG is the spin glass transition temperature in the limit of zero frequency, z is the dynamic scaling exponent, and is the critical exponent. The results of the best fit for V-F and power law behaviours are given in Table I . Interestingly, the value of the TSG obtained by power law fit is very close to TVF. Also, the exponent (~ 1.5 − 1.8) is somewhat higher than that reported by Singh et al. 17 for single crystal BiFeO3 and closer to the hydrodynamic model or mean field model for which ~2. 46 The activation energy Eact for the V-F law (0.8 meV or about 9.5 K) is comparable to the activation energies reported for the Eu1-xSrxS system but lower than those for the canonical RKKY type spin glass systems. Our results thus confirm unambiguously that the anomaly observed around Tf ~ 25 K in BiFeO3 is due to spin glass freezing with a spin glass transition temperature TSG ~20 K at which the ergodicity is broken. Our results also show that the earlier report 17 of TSG > Tf in BiFeO3 is not correct and may be an artifact of numerical fit. By definition also, the TSG cannot be higher than Tf (ω) as it corresponds to the value Tf (ω) in the limit of ω tending towards zero at which the slowest spin dynamics diverges.
IV. DISCUSSION OF RESULTS
A. Role of MnO2 doping:
It is well known that the electrical and magnetic properties of pure BiFeO3 are strongly 
B. Anomalous AC Susceptibility Response of BiFeO3:
Having established the existence of spin glass freezing around 25K in BiFeO3 as an intrinsic feature, we now turn to some intriguing aspects of AC χ (ω, T). Firstly, the peak height of χ'(ω, T) increases with increasing frequencies which is unusual as the susceptibility always decreases with increasing frequency except near frequencies corresponding to a resonant absorption that may be linked with the resistance, capacitance and inductance of the entire circuit rather than just the sample. In principle, it is possible to push the resonance frequencies to higher side by reducing the capacitance and inductance of the circuit by reducing the sample quantity. However, this was not possible in BiFeO3 due to very weak signal for the χ'(ω, T). A similar anomalous AC magnetic susceptibility data has been reported in single crystal samples of BiFeO3. 17 It is also important to note that the imaginary part χ''(ω, T) shows negative cusps at Tf with a peak temperature above the corresponding peak temperature for the real part χ'(ω, T). The negative value clearly suggests that the circuit is no longer purely inductive except at very low temperatures (< ~10K). The third intriguing aspect of the χ''(ω, T) is the presence of a tiny peak around 10K below which the imaginary part shows positive value. All these features require further study, as some of these anomalous features have also been tentatively attributed to the coexisting modulated magnetic structure of BiFeO3, 15, 16, [57] [58] [59] [60] [61] not observed in the conventional spin glass systems. Further, the occurrence of a spin glass phase in a homogeneously ordered system like BiFeO3 without any quenched impurity and randomness requires further investigation as the existing models of spin glass transitions are based on the concept of disorder, randomness and frustration.
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C. Ground State of BiFeO3:
BiFeO3 shows non-collinear AFM ordering with Heisenberg spins with an incommensurately modulated cycloidal spin structure superimposed on it. As said earlier, recent neutron scattering 15, 16, [57] [58] [59] [60] [61] and NMR studies [11] [12] [13] [14] suggest that this spin cycloid is stable down to the lowest temperature (~5K). Considering these observations in conjunction with the present results, the most likely scenario for the ground state of BiFeO3 is the coexistence of the spin glass phase and the long range ordered spin cycloid. The coexistence of LRO AFM and spin glass state has been a subject of extensive theoretical and experimental investigations for both Ising and Heisenberg systems. [62] [63] [64] [65] In some of the Heisenberg systems, it has been predicted theoretically 62 and verified experimentally 63, 64 that the coexistence is due to the freezing of the transverse component of the spins. 65 Eact. This indirectly suggests that the oxygen vacancies do not significantly influence the spin glass phase. In the absence of disorder in the magnetic sublattice or any frustrated interaction between the spins, the most likely possibility for the emergence of the spin glass phase is due to the freezing of the transverse component of the spins. Local magnetic probe like NMR [11] [12] [13] [14] and the global probes like neutron scattering 15, 16 have revealed the possibility of distortions in the long range ordered magnetic modulated structure even though the extent of distortion from harmonic modulation is much less for the average structure, probed by the bulk techniques like neutron scattering, than that reported by local probe like NMR. Whether this anhormonicity is linked with the gradual transverse freezing of the spins or not needs further investigation using neutron scattering studies on single crystals.
V. CONCLUSIONS
The DC magnetization and AC susceptibility measurements on pure BiFeO3 and 0.3 wt% Table S1 : Results of EDX analysis of pure BiFeO3 and 0.3wt % MnO2 doped BiFeO3 in weight percent for the microstructure and spectra shown in Fig. S1 and S2. 
LeBail refinement:
The LeBail refinement using R3c space group of BiFeO3 [7] was carried out for both the samples using FULLPROF package [35] . The observed (filled-circles) and calculated (continuous line) profiles
show excellent fit for both the samples, as can be seen from the difference (bottom line) profile given in Fig. S3 . This confirms that both the samples belong to the R3c space group. The refined unit cell parameters are listed in Table S3 . 
